Background: The consequences of optimal dietary macronutrient compositions especially quality of proteins on weight gain still remain controversial. The aim of the current study was to evaluate the iso-energetic substitution of dietary macronutrients in relation to anthropometric changes. Methods: This prospective study was conducted on 2999 men and 4001 women aged 20-70 years who were followed for 3.6 years. A valid and reliable 168-item semi-quantitative food frequency questionnaire was used to assess usual dietary intakes. Weight (kg) and waist circumference (WC) (cm) changes were calculated by subtracting the weight and WC at baseline from their measurements at follow up. Participants were divided into two groups; those with no change or decrease in weight or WC and those with increase in weight or WC. Dietary macronutrients (percentage of energy) divided by 5 to calculate one unit. Results: A one unit higher proportion of carbohydrates at the expense of all types of fatty acids was associated with weight loss in men (P < 0.05). A one unit higher proportion of plant proteins at the expense of animal protein (β = − 0.84), non-starch carbohydrates (β = − 0.86), saturated fat (β = − 0.76), mono-unsaturated fat (β = − 0.76) and poly-unsaturated fat (β = − 0.86) was associated with weight loss (P < 0.05). A one unit higher proportion of plant proteins at the expense of animal proteins (OR: 0.49), non-starch carbohydrates (OR: 0.49), saturated fat (OR: 0.49), mono-unsaturated fat (OR: 0.49), and poly-unsaturated fat (OR: 0.48) was associated with a lower risk of increase in WC (P < 0.05). Conclusions: A higher proportion of dietary plant protein in replacement of simple carbohydrates, fats and animal proteins was associated with a lower increase in weight or WC.
Introduction
Obesity is a growing epidemic of the twenty-first century in developed and developing countries [1] . It is associated with an increased risk of serious health problems including cardiovascular diseases, diabetes and several cancers [2] . The appropriate method for its prevention and treatment is widely acknowledged. Weight gain often occurs gradually over a lifetime due to imbalance of energy intake and expenditure [3] . In addition, macronutrient composition has also been suggested as an important determinant in the obesity epidemic [4] ; carbohydrate, fat and protein intake are simultaneously considered as macronutrient balance or overall diet, and in an iso-energetic setting the differences in one dietary macronutrient reflect substitutions for other macronutrients. Analyzing the association between macronutrient intakes and weight change in statistical methods which account that one macronutrient is substituted with the other, may help clarify the complex relationships. Several previous randomized clinical trials [5] [6] [7] have shown that increase in protein percentage in iso-caloric diets had advantages in terms of adiposity, blood lipid profiles, cardiovascular risk markers and insulin levels; however, in short term controlled trials, high protein, moderate or low carbohydrate diets result in more weight loss than traditional low fat, high carbohydrate diets [7] . Long term intervention studies indicate equivalent weight loss with the low fat (< 30% of energy from fat) and low carbohydrate (< 50% of energy from carbohydrate) approaches [6] . Another study on healthy individuals showed that higher protein intake was associated with weight gain [8] . Moreover, one study showed differences in animal and plant protein, with a direct association of animal protein with the risk of overweight and obesity, and an inverse association for plant protein [9] . Therefore, the consequences of optimal macronutrient composition of the usual diet still remain controversial in observational studies. In addition, the debate on protein sources is ongoing, addressing the nutritional quality of dietary proteins and their amino acid composition. Hence, the aim of the current study was to evaluate the substitution dietary macronutrient intakes with each other in relation to anthropometric changes in a group of Tehranian adults.
Materials and methods

Study population
This study was performed within the framework of the Tehran Lipid and Glucose Study (TLGS), an ongoing longitudinal community-based study originated in 1999 with the aim of determining the prevalence of risk factors of non-communicable diseases in a representative sample of the urban population of Tehran, capital of Iran [10] . The first survey was a cross-sectional study (1999-2001) on 15,005 subjects aged ≥3 years, and follow up examinations have been conducted every 3 years (2002-2005, 2005-2008, 2009-2011 and 2012-2015) to identify new developed diseases or risk factors. Details of this ongoing cohort study have been published elsewhere [11] . Of 12,823 individuals who entered the 2009-2011 survey of TLGS (baseline of our study), 7344 subjects aged 20-70 years were randomly selected for dietary assessment, based on age-and sex-stratified random sampling and followed until 2012-15 survey of TLGS (end of our study). Individuals who had not completed anthropometrical data at the baseline or follow up survey, those who over-or under-reported and subjects who had remarkable weight or waist circumference (WC) change (±5SD) were excluded (n = 344). To define over-and under-reports, the estimated energy intake (EI) was divided by the estimated energy requirement (EER); subjects were excluded when EI:EER was not within the ±3SD of mean value. Data of 7000 participants (2999 men and 4001 women) were finally available for analysis over a mean 3.6 years of follow up.
Measurements
Trained interviewers collected demographic data using the pre-tested questionnaire and face to face private interview. A valid and reliable 168-item semiquantitative food frequency questionnaire (FFQ) was used to assess usual dietary intakes [12, 13] . The consumption frequency of each food item on a daily, weekly, or monthly basis was converted to daily intakes, and portion sizes were then converted to grams using measuring cups and spoons. The Iranian food composition table (FCT) is incomplete; therefore, we used the United States Department of Agriculture (USDA) FCT to analyze foods [14] . However, the Iranian FCT was used for some national foods and beverages when these foods were not listed in the USDA FCT [15] . Macronutrients including carbohydrate, fat, protein, and their subtypes; i.e. saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), starch and nonstarch carbohydrates, animal and plant proteins, were the exposures of the current study. Legumes, nuts and vegetables are sources of plant protein, while dairy, meat, poultry and fish are sources of animal protein.
The body weight of each participant was measured to the nearest 100 g using digital scales (Seca, Hamburg, Germany) while subjects were minimally clothed and not wearing shoes. Height was measured to the nearest 0.5 cm using a stadiometer while the subjects were in standing position, with their shoulders in normal alignment and without shoes. WC was taken at the end of a normal expiration, over light clothing, using a flexible and non-stretched measurement tape positioned at the level of umbilicus, without exerting any pressure on the body surface; measurements were recorded to the nearest 0.1 cm. All measurements were carried out by one examiner for women and one for men to avoid subjective errors. Detailed measurements of variables in the TLGS have been reported elsewhere [10] . Weight (kg) and WC (cm) changes were calculated by subtracting the weight and WC at baseline from their measurements at follow up; increase in weight and WC was defined if weight or WC changes were positive or > 0.
Physical activity was assessed in Tehranian adults using the Persian-translated modifiable activity questionnaire (MAQ) [16, 17] with high reliability and moderate validity [18] . Data were gathered on the frequency and time spent on light, moderate, hard and very hard intensity activities according to the list of common activities of daily life over the past year. Physical activity levels were transformed into metabolic equivalent-hours/week (MET/h/week) [16, 18] . The metabolic equivalent values were categorized based on intensity, using guidelines of the American College of Sports Medicine/Centers for Disease Control and Prevention [19] .
Statistical analysis
Statistical analyses were performed using the Statistical Package for Social Sciences (version 20.0; SPSS) (IBM, Armonk, New York, USA). Baseline characteristics of both genders, based on tertiles of percentage of energy from carbohydrate, protein and fat were computed using the ANOVA test for continuous variables as mean ± SD and chi-square test for categorical variables. Dietary macronutrients and their subtypes were adjusted for energy intake using the nutrient density method (percentage of energy) and then divided by 5 to calculate one unit of percentages of energy from macronutrients. Multivariate linear regression analyses were used to investigate the substitution model; these models estimated changes in weight and WC by iso-caloric increase in each macronutrient intake (per one unit increase in percentage of energy intake) as a continuous variable in exchange of 5 unit of percentage of energy from another macronutrient. The coefficients (β) in these models can be explained as estimated anthropometric change by one unit increase in one nutrient at the expense of another not included in the model, while keeping energy intake and other nutrients which are included in the model constant. Also, in these analyses the following demographic and lifestyle covariates were included in models: baseline age (continuous), sex (except sex strata), physical activity (low, moderate and high), smoking (former and current smoker/never smoked), education level (> 12 and ≤ 12 years of education), baseline BMI (in models estimating changes in weight) and baseline WC (in models estimating changes of WC) and energy intake. Multivariate adjusted logistic regression analyses were used to estimate the odds ratios (95% CIs) of increase in weight or WC in an iso-energetic substitution model; replacement of one unit of energy from one macronutrient at the expense of another macronutrient. All models were adjusted for the above-mentioned demographic and lifestyle covariates, and total energy intake.
Changes in weight and waist were considered significant, when a two tailed P value was < 0.05.
Results
Characteristics of the population based on sex and percentage of energy from each macronutrient are presented in Table 1 . Compared to subjects in the first tertile of energy from carbohydrates, subjects in the third tertile were older, had a lower frequency of current smokers, and lower change in weight and WC during follow-up. Men in the third tertile of energy from carbohydrate had a higher frequency of participants with university degrees, compared to the first tertile; while women in the mentioned tertile, this frequency was lower, compared to the first tertile. Compared to subjects in the first tertile of energy from protein, subjects in the third tertile had a higher education level, higher BMI and WC at baseline and reported a lower energy intake. Women in the third tertile of energy from protein were older compared to the first tertile. Compared to subjects in the first tertile of energy from fat, subjects in the third tertile were younger, had a higher weight change during follow-up and reported higher energy intake; they also had a higher percentage of smokers. In men, fewer subjects in the third tertile of energy from fat had university degrees, compared to the first tertile. Also, WC change increased according to the tertiles of energy from fat in women. Adjusted weight change for the iso-energetic replacement of 5% of energy from one macronutrient by another macronutrient is presented in Table 2 . A 1 unit higher proportion of plant protein at the expense of animal protein (β = − 0.84), non-starch carbohydrates (β = − 0.86), saturated fat (β = − 0.76), mono-unsaturated fat (β = − 0.76), and poly-unsaturated fat (β = − 0.86) was associated with weight loss (P < 0.05). A 1 unit higher proportion of plant protein at the expense of animal protein, non-starch carbohydrates and saturated and poly-unsaturated fatty acids was associated with decreased risk of weight attainment ( Table 3 ). The substitution of other macronutrients was not consistently associated with weight change.
A 5 unit higher proportion of plant protein at the expense of animal protein (β = − 1.60), non-starch carbohydrates (β = − 1.60), saturated fat (β = − 1.54), mono-unsaturated fat (β = − 1.57), and poly-unsaturated fat (β = − 1.61) was associated with WC loss (P < 0.05) ( Table 4) .
Odds ratio (OR) of increase in WC according to an iso-energetic substitution of macronutrients is shown in Table 5 . A 1 unit higher proportion of plant protein at the expense of animal protein, non-starch carbohydrates or fatty acids was associated with a lower risk of WC increase in men and women (Table 5 ).
Discussion
In our study, the iso-caloric substitution of carbohydrate with protein was not associated with weight change, whereas the substitution of animal protein, carbohydrate and fatty acids with plant protein was associated with weight loss and reduced WC. This finding can partly Carbohydrate ↑ OR Odds ratio, CI Confidence interval, SFA Saturated fatty acid, MUFA Monounsaturated fatty acids, PUFA Poly-unsaturated fatty acids, Non-starch carbohydrates: simple sugars Weight (kg) change was calculated by subtracting the weight at baseline from their measurements at follow up; increase in weight was defined if weight was positive or > 0. The percentage of energy from macronutrients divides by 5 to calculate one unit of each macronutrient. Logistic regression analysis was applied to estimate OR of weight change for the iso-energetic increase (↑) of 1 unit of percentage of energy from one macronutrient at the expense of another (↓). Models were adjusted for baseline age (continuous), sex (except sex strata), physical activity (low, moderate and high), smoking (former and current smoker/never smoked), education level (> 12 and ≤ 12 years of education), baseline BMI and energy intake justify the contradiction between studies regarding the effect of protein intake on obesity, it seems that the type of protein)animal versus plant protein) is more effective in weight gain than its amount. These results are similar to the findings of another longitudinal study which reported an increase in the risk of obesity with higher animal protein intake, during a 7-year follow up [20] . In contradiction with our findings, two cross sectional studies proposed the use of more animal protein as an effective way for weight loss [21, 22] . Differences in the study design can partly justify this contradiction. Differences in quality, quantity and type of animal protein consumed in different cultures could be another justification for this controversy over the effect of animal protein intake on obesity indices. Several mechanisms have been proposed for the beneficial effect of plant protein intake on weight control. First, high intake of fiber from plant protein may decrease digestibility, thus, leading to weight loss [23] . Second, plant protein intake increases lean body mass and prevents sarcopenia, leading to an increase in both basal metabolism and physical activity, which in turn reduces the risk of obesity [24] ; finally, consumption of legumes increases the expression of proteins involved in fatty acid oxidation, which induce weight loss [25] .
SFA
In our study, the iso-caloric substitution of fat with carbohydrate decreased the risk of obesity in men. No studies have examined the effects of fat substitution with carbohydrate on obesity, separately in men and women; although, contrary to our results, in two clinical trials, obese subjects lost more weight during 6 months of a carbohydraterestricted diet than a fat-restricted diet [5, 26] . Diets high in carbohydrate are particularly fattening because of their propensity to elevate insulin secretion, thereby directing fat toward storage in adipose tissue [27] . However, Hall and Guo claimed that low-fat diets increase both energy expenditure (26 kcal/day; P < 0.0001) and fat loss (16 g/day; P < 0.0001) [28] , that can effectively decrease weight gain in long term which partly justifies our results.
In our study, replacing all three types of fatty acids (SFA, MUFA and PUFA) with carbohydrate contributed to the prevention of weight gain; however, in another cohort study, increasing the consumption of PUFAs and plant-based MUFA at the expense of carbohydrates was associated with less weight gain; and increasing consumption of SFA and trans-fat was associated with SFA Saturated fatty acid, MUFA Mono-unsaturated fatty acids, PUFA Polyunsaturated fatty acids. Non-starch carbohydrates: simple sugars The percentage of energy from macronutrients divides by 5 to calculate one unit of each macronutrient. Estimating waist circumference change was calculated using linear regression analysis for the iso-energetic increase (↑) of 1 unit of percentage of energy from one macronutrient at the expense of another (↓). Models were adjusted for baseline age (continuous), sex (except sex strata), physical activity (low, moderate and high), smoking (former and current smoker/never smoked), education level (> 12 and ≤ 12 years of education), baseline waist circumference and energy intake greater weight gain [29] . Undoubtedly, the intakes of different types of fatty acids and its major food sources are different in societies, and this difference can justify these conflicting results.
The effect of iso-caloric substitution of dietary macronutrients on weight or waist change is different by sex, which may be because weight change in women is more dependent on calorie consumption, insulin sensitivity [15] and hormone levels [30] .
The prospective design of the study, using a valid and reliable FFQ, and analyzing data using iso-caloric substitution models are strengths of the present study. In the substitution model, the effect of substituting one nutrient intake with another was investigated while energy intake in the diet was kept constant [31] . Weight changes occur gradually at the population level, therefore our 3.6 year assessment period is consistent with the time course of weight change in response to a change in diet [32] .
Some limitations should also be mentioned; first, despite using a validated FFQ in this study, FFQs, like other tools of dietary assessments, are subject to measurement errors. Second, the study participants are not representative of the whole Iranian population, which limits the generalizability of our findings to other Iranian and nonIranian populations that have different proportions of macronutrients in their habitual diet compared to our study participants; third, the use of a substitution model is justified when studying the health effects of different macronutrients in iso-energetic conditions, this approach is only a mathematical model for dietary intakes and not a real-life condition. Finally, we did not have enough information about family income; therefore, in our study, it was not possible to investigate the effect of family income on macronutrient intakes.
Conclusions
our findings demonstrated that the proportions of macronutrient intakes in habitual diets may be associated with obesity indices; higher proportions of plant protein in diet was associated with lower increase in BMI and WC, and decreased the risk of obesity during 3.6 years of follow-up, especially in men. OR Odds ratio, CI Confidence interval, SFA Saturated fatty acid, MUFA Monounsaturated fatty acids, PUFA Poly-unsaturated fatty acids. Non-starch carbohydrates: simple sugars. Waist circumference (wc) change was calculated by subtracting the waist at baseline from measurements at follow up; increase in WC was defined if WC was positive or > 0. The percentage of energy from macronutrients divides by 5 to calculate one unit of each macronutrient. Logistic regression analysis was applied for the iso-energetic increase (↑) of 5 unit of percentage of energy from one macronutrient at the expense of another (↓). Models were adjusted for baseline age (continuous), sex (except sex strata), physical activity (low, moderate and high), smoking (former and current smoker/never smoked), education level (> 12 and ≤ 12 years of education), baseline WC and energy intake
